Methanol is already an important carbon feedstock in the chemical industry, but it has found only limited application in biotechnological production processes. This can be mostly attributed to the inability of most microbial platform organisms to utilize methanol as a carbon and energy source. With the aim to turn methanol into a suitable feedstock for microbial production processes, we engineered the industrially important but nonmethylotrophic bacterium Corynebacterium glutamicum toward the utilization of methanol as an auxiliary carbon source in a sugar-based medium. Initial oxidation of methanol to formaldehyde was achieved by heterologous expression of a methanol dehydrogenase from Bacillus methanolicus, whereas assimilation of formaldehyde was realized by implementing the two key enzymes of the ribulose monophosphate pathway of Bacillus subtilis: 3-hexulose-6-phosphate synthase and 6-phospho-3-hexuloisomerase. The recombinant C. glutamicum strain showed an average methanol consumption rate of 1.7 ؎ 0.3 mM/h (mean ؎ standard deviation) in a glucose-methanol medium, and the culture grew to a higher cell density than in medium without methanol. In addition, [
H
ighly productive strains of Corynebacterium glutamicum have been developed to produce several million tons of amino acids annually, in particular the feed additive L-lysine and the flavor enhancer L-glutamate. In addition, extensive research has focused on engineering C. glutamicum for the microbial production of a variety of other commercially interesting compounds (1), such as organic acids (2) (3) (4) , diamines (5-7), and alcohols (8) (9) (10) . The natural substrate spectrum of C. glutamicum includes sugars, organic acids, and alcohols, but for industrial production processes mainly glucose (from starch) or sucrose and fructose (from molasses) are used as carbon sources (11) (12) (13) . The availability and price of sugars are influenced by seasonal variations and weather conditions and are also subject to price regulations and import limitations imposed on agricultural products. Furthermore, due to the increasing world population and loss of arable land, the sugar price is expected to rise in the coming decades. Thus, there is demand for an alternative carbon source for the microbial production of valuable compounds (14) . In recent years, C. glutamicum has been genetically engineered toward the ability to efficiently utilize several cheap carbon sources, such as the tricarboxylic acid cycle intermediates malate, fumarate, and succinate and the lignocellulosic compounds arabinose and xylose, as well as starch, cellobiose, glycerol, lactose, galactose, and glucosamine (references 11 and 15 and references therein). Cheap raw methanol that may contain impurities, such as ethanol, higher alcohols, or water, is already an important carbon feedstock in the chemical industry and also represents an interesting alternative substrate. At present, methanol is mainly produced from synthesis gas (a mixture of CO and H 2 ), which is obtained by catalytic reforming of coal or natural gas. In addition, procedures are available for producing methanol from renewable carbon sources (16) (17) (18) (19) . The high availability and low market price of methanol raise the question of whether this C 1 compound could also serve as alternative carbon source for microbial production processes (20, 21) . Although C. glutamicum harbors an endogenous pathway for oxidation of methanol to CO 2 (22, 23) , it is a nonmethylotrophic organism and therefore is not able to utilize C 1 compounds as the sole carbon and energy source.
A key step in methylotrophic metabolism is the oxidation of methanol to formaldehyde. Whereas Gram-negative methylotrophic bacteria such as Methylobacterium extorquens employ pyrroloquinoline quinone (PQQ)-dependent and periplasmic methanol dehydrogenases (MDHs) to oxidize methanol (24) , Gram-positive thermotolerant Bacillus strains usually use NAD ϩ -dependent cytoplasmic methanol dehydrogenases (25) . The cytotoxic formaldehyde is either assimilated into cell material or further oxidized to carbon dioxide (26, 27) . The assimilation of C 1 compounds in methylotrophic bacteria occurs either via the ribulose monophosphate (RuMP) pathway, the serine cycle, or the Calvin-Benson-Bassham cycle. Whereas CO 2 is reduced and converted to biomass in the Calvin-Benson-Bassham cycle, assimilation of carbon in the serine cycle occurs at the level of methylene-H 4 F and CO 2 (28) . In the RuMP pathway, formaldehyde and ribulose-5-phosphate are condensed to form D-arabino-3-hexulose-6-phosphate, which can be isomerized to fructose-6-phosphate. These reactions are catalyzed by 3-hexulose-6-phosphate synthase (HPS) and 6-phosphate-3-hexuloisomerase (PHI), respectively. Fructose-6-phosphate can be converted to pyruvate via glycolysis or the Entner-Doudoroff pathway, or it can be used to regenerate the formaldehyde acceptor ribulose-5-phosphate by utilizing several reactions of the pentose phosphate pathway (29) .
In this work, we describe the functional implementation of methanol oxidation and formaldehyde assimilation via the RuMP pathway in C. glutamicum and present promising approaches to use methanol as an auxiliary substrate during growth in sugarbased defined medium.
MATERIALS AND METHODS
Bacterial strains, plasmids, media, and growth conditions. Bacterial strains and plasmids used or constructed in the course of this work are listed in Table 1 . C. glutamicum was routinely cultivated aerobically in either 500-ml baffled shake flasks with 50 ml medium on a rotary shaker (120 rpm) at 30°C or in 48-well FlowerPlates (m2p-labs, Aachen, Germany) filled with 750 l medium in a BioLectorBasic apparatus (m2p-labs, Aachen, Germany) at 900 rpm, 30°C, and 80% humidity. Growth in shake flasks was monitored by measuring the optical density at 600 nm (OD 600 ), and growth in the BioLectorBasic was monitored online by measuring the backscatter (BS) at 620 nm (gain, 12). The gravimetric determination of cell dry weight (CDW) was performed in triplicate by centrifugation of 2 ml culture broth in predried and preweighed 2-ml Eppendorf tubes. The pelleted cells were dried for 48 h at 80°C and weighed afterwards. LB medium (30) was used for 5-ml precultures, and main cultures were grown in modified CGXII defined medium (31) containing 55 mM glucose. Methanol was added to the culture medium to a final concentration of 120 mM. For strain construction and maintenance, either LB or BHIS agar plates (brain heart infusion [BHI] agar [Difco, Detroit, MI, USA] supplemented with 0.5 M sorbitol) were used. Escherichia coli DH5␣ was used for cloning purposes and was grown aerobically on a rotary shaker (170 rpm) at 37°C in 5 ml LB medium or on LB agar plates (LB medium with 1.8% [wt/vol] agar). If appropriate, kanamycin and/or tetracycline was added to final concentrations of 25 g ml Ϫ1 or 5 g ml Ϫ1 , respectively (C. glutamicum) or 50 g ml Ϫ1 or 12.5 g ml Ϫ1 (E. coli). Correlations between BS values and the CDW were determined by using the following calibration model formula (32, 33) : CDW (g liter Ϫ1 ) ϭ 0.048 g liter Ϫ1 ϫ BS Ϫ 0.78 g liter Ϫ1 . Strain construction. The enzymes for recombinant DNA work were obtained from Fermentas (St. Leon-Rot, Germany) and Merck Millipore (Billerica, MA, USA). E. coli was transformed by using the RbCl method (34) , and C. glutamicum ATCC 13032 was transformed via electroporation (35) . Routine methods, like PCR, restriction, and ligation, were carried out according to standard protocols (30) . The oligonucleotides used for cloning were obtained from Eurofins MWG Operon (Ebersberg, Germany) and are listed in Table S1 in the supplemental material. The genes mdh, mdh3, and act, originating from Bacillus methanolicus MGA3 (ATCC 53907; NCBI gene accession numbers EIJ77596, EIJ80770, and AAM98772, respectively) were optimized for expression in C. glutamicum by adapting the gene sequence to the codon usage of C. glutamicum. These genes, as well as the wild-type coding sequence of the operon consisting of rmpA (here hps) and rmpB (here phi) from M. gastri (NCBI gene accession numbers Q9LBW4 and Q9LBW5, respectively) were ordered from Life Technologies GmbH (Darmstadt, Germany). All genes, synthesized with desired restriction sites for subcloning into C. glutamicum expression vectors, were provided as purified DNA on standard vectors (Life Technologies). The adhA gene (cg3107) was amplified from genomic DNA of C. glutamicum ATCC 13032 by PCR. The genes yckG (here hps) and yckF (here phi) were amplified from genomic DNA of Bacillus subtilis 168 by PCR. For heterologous gene expression under the control of a constitutive promoter, Ptuf (promoter of the elongation factor Tu) was first amplified by PCR from genomic DNA of C. glutamicum (14 bp to 179 bp upstream of the tuf start codon) and subsequently cloned in front of the abovementioned genes. The correct DNA sequences were verified by DNA sequencing using plasmid-specific primers. Detailed cloning procedures of the constructed vectors are described in the supplemental material.
Determination of methanol and glucose. The quantitative measurement of methanol and glucose in the cell-free supernatant of C. glutamicum cultures was performed by capillary gas chromatography (GC) using an Agilent 7890A gas chromatograph (Agilent Technologies, Waldbronn, Germany) and by high-performance liquid chromatography (HPLC) analysis using an Agilent 1100 HPLC system (Agilent Technologies, Waldbronn, Germany), respectively, as described previously (22, 39) . Enzyme assays of crude extracts. Recombinant C. glutamicum strains were cultivated in 100 ml CGXII defined medium with 55 mM glucose and 120 mM methanol at 30°C and 120 rpm in shake flasks. Induction of gene expression was performed with 1.5 mM isopropyl-␤-D-thiogalactpyranoside (IPTG) at an OD 600 of 1.0. For the determination of enzyme activities in the exponential phase and in the second growth phase, 50 ml of the cell culture was harvested when the OD 600 reached 5 and 30 ml was harvested after 12 h of cultivation by centrifugation (4,500 ϫ g, 15 min, 4°C). Cells were washed with 100 mM glycine-KOH buffer, pH 9.4 (for the Mdh/Mdh3 enzyme assay) or with 50 mM potassium phosphate buffer, pH 7.6, containing 1 mM dithiothreitol and 3 mM MgCl 2 (for the HPS/ PHI enzyme assays). The cell pellets from the exponential phase and the second growth phase were resuspended in 500 l and 800 l buffer, respectively. For crude cell extract preparation, mechanical lysis of cells was performed with glass beads (diameter, 0.1 mm; 350 mg in a 1.5-ml screwcap tube) for three times, 20 s each, using the Precellys24 apparatus (Bertin Technologies, Montigny-le-Bretonneux, France) and centrifuged for 30 min at 4°C and 16.000 ϫ g to remove the cell debris. The supernatant was used for the enzyme assays. The enzyme assays were performed in 96-well plates in 200-l scale at 30°C by following the increase in absorption at 340 nm with the Infinite M200 Pro instrument (Tecan Group AG, Männedorf, Switzerland). The protein concentration of the cell extracts was determined by the method of Bradford (40) using bovine serum albumin as the standard.
The methanol dehydrogenase assay was performed as described previously (41) with slight modifications. The assay mixtures contained 100 mM glycine-KOH buffer, pH 9.4, 5 mM MgSO 4 , 1 mM dithiothreitol, 1 mM NAD ϩ , and 40 l cell extract at different dilutions. The reaction was initiated by the addition of 500 mM methanol and monitored over 3 min. One unit of methanol dehydrogenase activity was defined as the reduction of 1 mol NAD ϩ to NADH per minute. The coupled HPS/PHI assay was performed as described previously (42) , but with minor modifications of the protocol. Briefly, determination of HPS/PHI activities through measurement of NADPH formation requires the activity of three additional enzymes in the assay mixture: phosphoriboisomerase (PRI), phosphoglucoisomerase (PGI), and glucose-6-phosphate dehydrogenase (G6PDH). The assay mixtures contained 50 mM potassium phosphate buffer, pH 7.6, 5 mM MgCl 2 , 5 mM ribose-5-phosphate, 2.5 mM NADP ϩ , 5 U PGI from yeast (Roche Diagnostics Deutschland GmbH, Mannheim, Germany), 5 U G6PDH from yeast (grade II; Roche Diagnostics Deutschland GmbH, Mannheim, Germany), 5 U PRI from spinach (type I, partially purified powder; Sigma-Aldrich, St. Louis, MO, USA), and 40 l cell extract at different dilutions. The reaction mixture was incubated for 5 min at 30°C to ensure equilibrium between ribose-5-phosphate and ribulose-5-phosphate. Subsequently, formaldehyde (37% formaldehyde solution; Sigma-Aldrich, St. Louis, MO, USA) was added to a final concentration of 5 mM to start the reaction. The reaction was monitored for 15 min. One unit of coupled HPS/PHI activity was defined as the reduction of 1 mol NADP ϩ to NADPH per minute. Determination of intracellular formaldehyde. Recombinant C. glutamicum strains were cultivated in 100 ml CGXII defined medium with 55 mM glucose and 120 mM methanol at 30°C and 120 rpm in shake flasks. Sampling in the exponential and second growth phases as well as mechanical cell lysis and crude cell extract preparation were performed as described above in "Enzyme assays of crude extracts." The crude cell extract was analyzed for formaldehyde content via an enzymatic assay described by Nudelman et al. (43) .
Determination of 13 C-labeled intracellular metabolites and 13 CO 2 . The assimilation of methanol in recombinant C. glutamicum strains was monitored in [ 13 C]methanol-labeling experiments. Cells were cultivated in 200 ml CGXII defined medium with 55 mM glucose and 120 mM 13 C-labeled methanol (99% atom enrichment; Sigma-Aldrich, St. Louis, MO, USA) in a parallel bioreactor system (DASGIP AG, Jülich, Germany). During the cultivation, 13 CO 2 and 12 CO 2 off-gas analysis was performed as described previously (22) . Analysis of the 13 C-labeled intracellular metabolites was performed in the exponential growth phase, in the transition from the exponential growth phase to the second growth phase, and also 12 h and 24 h after reaching the second growth phase. Quenching of the metabolic activity as well as extraction and analysis of intracellular metabolites were performed as previously described (44) . Raw mass spectrometry data were corrected for the contribution of all naturally abundant isotopes as well the isotopic impurity of the tracer by using the software IsoCor (45) .
RESULTS
Design of a synthetic pathway for the assimilation of methanolderived carbon in C. glutamicum. The first step of engineering C. glutamicum toward utilization of methanol was the heterologous expression of a MDHs to oxidize methanol to formaldehyde (Fig.  1) . The focus was put on NAD ϩ -dependent MDHs, since PQQdependent MDHs are not suitable for expression in C. glutamicum, as this organism does not synthesize PQQ or possess any PQQ-dependent enzymes (46) . B. methanolicus MGA3 is a wellknown methylotroph that harbors three NAD ϩ -dependent MDHs genes (mdh, mdh2, and mdh3) and the MDH activator protein (Act), which modulates the activity of all three MDHs (47, 48) . In the presence of Act and with methanol as the substrate, Mdh and Mdh3 shows the highest activity in vitro (0.5 U/mg and 0.2 U/mg, respectively), whereas Mdh2 shows the lowest catalytic activity (0.14 U/mg) (48) . Thus, genes for mdh, mdh3, and act were codon optimized for expression in C. glutamicum and commercially synthesized [Bm(mdh-act) and Bm(mdh3-act)]. In addition, the AdhA of C. glutamicum was previously shown to contribute to endogenous oxidation of methanol to formaldehyde (22) . With the aim to simply increase the endogenous methanol oxidation rate, the respective gene (CgadhA) was also chosen as a target for overexpression in C. glutamicum. We decided to pursue the implementation of the RuMP pathway for methanol assimilation in C. glutamicum in order to establish that this pathway demands only the functional expression of genes for HPS and PHI. All other enzymatic activities required for the conversion of fructose-6-phosphate and regeneration of ribulose-5-phosphate as a C 1 acceptor can be recruited from the central metabolism of C. glutamicum (Fig. 1) . Furthermore, these two enzymes require no cofactors, and the assimilation of C 1 via the RuMP pathway occurs directly on the level of formaldehyde and not on the level of methylene-H 4 F and/or CO 2 , as in the serine cycle (28, 29) . Hence, we decided to evaluate the functionality of the HPS and PHI from the nonmethylotroph B. subtilis [Bs(hpsphi)] and from the methylotroph Mycobacterium gastri [Mg(hpsphi)] to constitute a functional RuMP pathway in C. glutamicum.
Implementation of a synthetic pathway for methanol oxidation and formaldehyde assimilation in wild-type C. glutamicum. For growth on methanol, methylotrophic organisms require a pathway for the assimilation of formaldehyde to generate biomass, as well as a pathway for the dissimilation of formaldehyde to generate energy. The dissimilatory pathway also serves as "safety valve" in case of an intracellular accumulation of formaldehyde to toxic amounts. Since the wild-type C. glutamicum already possesses an endogenous pathway for the oxidation of naturally occurring cytotoxic formaldehyde to CO 2 (22, 23) , we decided to initially express the genes of the synthetic methanol assimilation pathway in this strain. Two plasmids allowing for heterologous gene expression under the control of the IPTG-inducible promoter Ptac were used: one for the expression of the methanol oxidation modules [CgadhA or Bm(mdh-act)] and one for the expression of the formaldehyde assimilation modules [Bs(hpsphi) or Mg(hps-phi)]. Thus, CgadhA or Bm(mdh-act) were individually expressed in combination with Bs(hps-phi) or Mg(hps-phi) in C. glutamicum to constitute a functional pathway for methanol oxidation and subsequent assimilation of the generated formaldehyde into biomass.
First, the activities of the formaldehyde assimilation modules were evaluated in crude extracts of recombinant C. glutamicum strains in in vitro enzyme assays. These assays showed that only the Bs(Hps-Phi) module was functionally active in C. glutamicum (73 Ϯ 25 mU/mg in the exponential phase [mean Ϯ standard deviation]), whereas only negligible activity (1.4 Ϯ 2 mU/mg) could be detected for the Mg(Hps-Phi) module (Table 2) . Consequently, strains expressing the Mg(hps-phi) module were not further characterized. The functionality of the methanol oxidation modules was tested by following the methanol oxidation rate of recombinant C. glutamicum strains during shake flask cultivations in defined medium containing 55 mM glucose and 120 mM methanol. The strain expressing CgadhA and Bs(hps-phi) consumed methanol only slightly faster than the control strain C. glutamicum(pVWEx2 pEKEx2) (data not shown). In contrast, the methanol oxidation rate of the recombinant C. glutamicum strain expressing Bm(mdh-act) and Bs(hps-phi) was nearly 3-fold higher (1.3 Ϯ 0.2 mM/h) than in the control strain (0.5 mM/h Ϯ 0.1) (Fig. 2A) . Due to these results, we excluded the strain expressing the Cg(adhA) module from further experiments and put our focus on the C. glutamicum strain expressing the Bm(mdh-act) and Bs(hps-phi) modules.
Enzyme assays conducted with crude extracts revealed only negligible MDH activity in the exponential growth phase, whereas slightly higher activity was detected in the second growth phase (0.7 Ϯ 0.5 mU/mg) ( Table 2) . These results were in line with the observation that methanol oxidation was more pronounced in the second growth phase (Fig. 2A) . Since IPTG-inducible expression of Bm(mdh-act) seems not to be suitable due to the low activity of Bm(Mdh-Act) in the exponential growth phase, we also evaluated the application of a strong constitutive promoter to control heterologous gene expression. For this purpose, the expression of both modules, Bm(mdh-act) and Bs(hps-phi), was set under the control of the constitutive promoter Ptuf. Enzyme assays with crude cell extract of the respective strain revealed that the specific MDH activity in the exponential growth phase was significantly increased, from 0.4 Ϯ 0.2 mU/mg to 3.3 Ϯ 1.2 mU/mg (Table 2) . a Cells were cultivated in CGXII defined medium with 55 mM glucose and 120 mM methanol at 30°C with shaking at 120 rpm. Genes under the control of Ptac were induced with 1.5 mM IPTG at an OD 600 of 1.0. Means and standard deviations were calculated from triplicates, and values were corrected for background activity. The background activity was determined in enzyme assays with the crude cell extracts of C. glutamicum(pVWEx2 pEKEx2) and C. glutamicum ⌬ald ⌬adhE(pVWEx2 pEKEx2). ND, not determined.
During shake flask experiments for comparing the effect of constitutive and inducible heterologous expression of both modules on methanol consumption, no significant difference was observed in the exponential growth phase. This could be explained by the low biomass at the beginning of the cultivations, leading to only a slow consumption of the supplied methanol in the culture supernatant. These differences could not be reliably distinguished from the background of evaporation of this volatile alcohol. However, over the course of the whole cultivation, a higher average methanol consumption rate (1.7 Ϯ 0.3 mM/h) tha in the strain expressing both modules under the control of the inducible promoter Ptac (1.3 Ϯ 0.2 mM/h) was obtained ( Fig. 2A) . In the second growth phase, these results were even more significant. The specific methanol consumption rates for both strains were 6.49 Ϯ 0.4 M/(h · BS) and 5.78 Ϯ 0.2 M/(h · BS), respectively. Initial experiments showed that all recombinant strains and the control strain C. glutamicum(pVWEx2 pEKEx2) showed comparable growth behaviors in medium containing 55 mM glucose without methanol (Fig. 2B) . In the presence of 120 mM methanol, major differences in growth and final backscatter of the cultures were observed (Fig. 2C) . The growth of the control strain and of the recombinant strain expressing the methanol oxidation and formaldehyde assimilation modules under the control of Ptac were significantly retarded, revealing an inhibitory effect of methanol. The latter strain could cope slightly better with methanol, as it grew faster during the exponential growth phase. However, this growth advantage cannot be explained by the observed higher methanol oxidation of the recombinant strain (1.3 Ϯ 0.2 mM/h) in comparison to the control strain (0.5 Ϯ 0.1 mM/h) during the course of the cultivation, since both strains hardly consumed methanol in the exponential growth phase ( Fig. 2A) . At the end of the exponential growth phase, backscatter measurements showed a decrease in cell density in both cultures (Fig. 2C) . In contrast to the control culture, the C. glutamicum Bm(mdh-act) Bs(hps-phi) culture showed a second growth phase, leading to a significantly (1.3-fold) higher final backscatter (Fig. 2C ) and an increased CDW by 4% (Table 3 ) in comparison to the control strain. The same was observed for a C. glutamicum strain that exclusively expressed the methanol oxidation module but not the formaldehyde assimilation module (see Fig. S1 in the supplemental material). This led to the assumption that the observed higher final backscatter of the C. glutamicum Bm(mdh-act) Bs(hps-phi) culture compared to the control strain C. glutamicum(pVWEx2 pEKEx2) does not reflect the assimilation of methanol-derived carbon but could be due to a lower methanol concentration in the medium during the second growth phase, thereby diminishing its inhibitory effect.
In contrast, the C. glutamicum strain expressing the genes for methanol oxidation and formaldehyde assimilation under the control of Ptuf showed similar growth in defined medium with or without methanol. In comparison to the C. glutamicum strain expressing the same genes under the control of Ptac, higher backscatter of the culture at the end of exponential growth was detected. Moreover, an additional increase of the cell density during the second growth phase in methanol-containing medium was observed that led to a significantly higher final backscatter and to a CDW that was increased by 18% (Table 3) . Glucose measurements during cultivation of both strains and of the control strain revealed that glucose was completely consumed at the end of the exponential growth phase. Thus, the metabolization of methanol during this phase appears to be a diauxic shift. Remarkably, C. glutamicum Ptuf-Bm(mdh-act) Ptuf-Bs(hps-phi) also grew to a higher final backscatter in the presence of methanol (Fig. 2C) and showed a significantly increased CDW under these conditions (8.4 Ϯ 0.03 versus 8.0 Ϯ 0.05 mg/ml) ( Table 3) . These results hint toward the ability of this particular C. glutamicum strain to convert methanol-derived carbon into biomass. This was verified by analysis of a C. glutamicum strain expressing only the genes for methanol oxidation under the control of Ptuf [C. glutamicum Ptuf-Bm(mdh-act(pEKEx2)]. This strain grew slower in the presence of methanol than the control strain, which additionally expressed the genes enabling formaldehyde assimilation. Methanol-derived carbon is assimilated into intracellular metabolites of C. glutamicum. 13 C-methanol-labeling experiments were performed to validate that the expression of PtufBm(mdh-act) and Ptuf-Bs(hps-phi) results in the incorporation of methanol-derived carbon into intracellular metabolites. Two independent batch fermentations were run in CGXII medium supplemented with 55 mM glucose and 120 mM [
13 C]methanol. Quenching of the metabolic activity as well as analysis of the intracellular metabolites were performed in the exponential growth phase, at the point of transition to the second growth phase, as well as 12 h and 24 h after reaching the second growth phase. In the exponential growth phase, incorporation of [
13 C]methanol-derived carbon into intracellular metabolites could already be detected, although amounts were quite low (up to 5% labeling fractions in the m ϩ 1 mass isotopomers) (see Fig. S2 in the supplemental material). This showed that small amounts of methanol below the GC detection limit were already oxidized to formaldehyde and subsequently assimilated into biomass in the exponential growth phase. With the transition to the second growth phase, labeling fractions of 3 to 10% in the m ϩ 1 mass isotopomers of various metabolites, such as organic acids (succinate and ␣-ketoglutarate) and sugar phosphates (glucose-6-phosphate and fructose-1,6-bisphosphate), as well as amino acids (L-serine and Llysine), were detected (Table 4) . For some metabolites, the labeling fractions in the M ϩ 1 mass isotopomers were increased even after a further 12 h of cultivation (see Fig. S4 in the supplemental material). No 13 C-labeling that was higher than the natural 13 C abundance was detected in any metabolites of the negativecontrol, C. glutamicum(pVWEx2 pEKEx2) (data not shown). In comparison to this control, a high 13 CO 2 /total CO 2 ratio for the strain expressing the methanol oxidation and formaldehyde assimilation modules under the control of Ptuf was observed (Fig.  3) . This led us to the assumption that most of the [
13 C]methanolderived formaldehyde is oxidized to 13 CO 2 via the endogenous pathway for formaldehyde dissimilation.
Implementation of methanol oxidation and formaldehyde assimilation in C. glutamicum ⌬ald ⌬adhE.
13 C-methanollabeling experiments revealed that only a small amount of [
13 C]methanol-derived carbon was assimilated into biomass precursors of C. glutamicum genes for methanol oxidation and formaldehyde assimilation (Table 4) . Consequently, Ptuf-Bm-(mdh-act) as well as Ptuf-Bm(mdh-act) in combination with PtufBs(hps-phi) were expressed in C. glutamicum ⌬ald ⌬adhE, a strain which is strongly impaired in its ability to oxidize formaldehyde to Recombinant C. glutamicum ⌬ald ⌬adhE strains Ptuf-Bm(mdh-act) Ptuf-Bs(hps-phi) 6.75 Ϯ 0.01 Ptuf-Bm(mdh3-act) Ptuf-Bs(hps-phi) 7.14 Ϯ 0.13 Ptuf-Bm(mdh-act) pEKEx2
4.87 Ϯ 0.25 Control (pVWEx2 pEKEx2) 6.35 Ϯ 0.10 a Cells were grown in CGXII defined medium containing glucose (55 mM) and methanol (120 mM). The CDW was determined 32 h after inoculation (the second growth phase). Genes under the control of Ptac were induced with 1.5 mM IPTG at an OD 600 of 1.0. Means and standard deviations were calculated from triplicates. a Two independent batch reactors (BR1 and BR2) were run with CGXII defined medium supplemented with 55 mM glucose and 120 mM 13 C-labeled methanol. Quenching of the metabolic activity was performed during the transition to the second growth phase. Mass isotopomer measurements were performed for selected metabolites, and the corresponding M ϩ 1 mass traces are listed. Raw mass spectrometry data were corrected for the contribution of all naturally abundant isotopes. ND, not determined. CO 2 (22, 23) . This approach should prevent loss of methanolderived formaldehyde as CO 2 and boost formaldehyde assimilation. In addition, C. glutamicum ⌬ald ⌬adhE(pVWEx2 pEKEx2), only harboring the empty plasmids, was constructed as a control. All strains were analyzed regarding growth and methanol consumption in the presence of methanol to check if the absence of the "safety valve" for formaldehyde oxidation affected growth.
Determination of the in vitro enzyme activities revealed that all enzymes were functionally active in recombinant C. glutamicum ⌬ald ⌬adhE strains (Table 2 ). In glucose-containing medium, growth of all strains was similar (Fig. 4B ) and comparable to that of the strains constructed on the basis of wild-type C. glutamicum (Fig. 2B) . In comparison, C. glutamicum ⌬ald ⌬adhE(pVWEx2 pEKEx2) displayed retarded growth and a 33% reduced final backscatter in the presence of methanol. The C. glutamicum ⌬ald ⌬adhE strain expressing only Ptuf-Bm(mdh-act) showed even slower growth in the presence of methanol, and the final backscatter of the culture was reduced by an additional 35% (Fig. 4C) . The methanol consumption rate was as low as that observed for the control strain (0.52 Ϯ 0.1 mM/h) (Fig. 4A) . This strain possesses the heterologous methanol dehydrogenase for oxidation of methanol to formaldehyde, but due to the absence of Bs(Hps-Phi) and the lack of Ald and AdhE, the toxic accumulation of formaldehyde cannot be avoided, neither via assimilation by the RuMP pathway nor via dissimilation to CO 2 . However, quantification of intracellular formaldehyde was not successful.
The C. glutamicum ⌬ald ⌬adhE strain possessing the methanol oxidation module [Ptuf-Bm(mdh-act)] and the formaldehyde assimilation module [Ptuf-Bs(hps-phi)] showed an increased methanol oxidation rate (1.25 Ϯ 0.2 mM/h) in comparison to the con- glutamicum ⌬ald ⌬adhE strains. Three independent shake-flask experiments, always accompanied by a methanol evaporation control, were performed for the determination of the methanol concentration (छ). Monitoring of growth was performed in 48-well FlowerPlates by using a BioLectorBasic apparatus (n ϭ 3). Strains: C. glutamicum ⌬ald ⌬adhE Ptuf-Bm(mdh-act) Ptuf-Bs(hps-phi) (), C. glutamicum Ptuf-Bm(mdh3-act) Ptuf-Bs(hps-phi) (), C. glutamicum ⌬ald ⌬adhE Ptuf-Bm(mdh-act) pEKEx2 (OE), and C. glutamicum ⌬ald ⌬adhE pVWEx2 pEKEx2 (OE).
trol strain. The specific methanol consumption rate in the second growth phase for this strain was 5.95 Ϯ 0.3 M/(h · BS) and for the control strain only 3.25 Ϯ 0.2 M/(h · BS). Apparently, the recombinant C. glutamicum ⌬ald ⌬adhE strain had a growth advantage over the control strain in the presence of methanol, since the backscatter was found to be 15% higher at the end of the exponential growth phase. This was also reflected by a higher final CDW (6.75 Ϯ 0.00 mg/ml and 4.87 Ϯ 0.25 mg/ml, respectively). In contrast to C. glutamicum Ptuf-Bm(mdh-act) Ptuf-Bs(hps-phi), the recombinant C. glutamicum ⌬ald ⌬adhE strain did not grow in methanol-containing medium as fast as in medium without methanol, and the final backscatter of the culture was not increased in the presence of methanol.
Finally, we also evaluated Mdh3, the other MDH of B. methanolicus, in the C. glutamicum ⌬ald ⌬adhE strain background. Ptufcontrolled expression of mdh3 and act in combination with PtufBs(hps-phi) and cultivation in glucose-and methanol-containing medium revealed methanol consumption, which was similar to the that of C. glutamicum ⌬ald ⌬adhE Ptuf-Bm(mdh-act) PtufBs(hps-phi) (Fig. 4A ). However, with this strain, a slightly higher final backscatter of the culture and an increased CDW was reached ( Fig.  4B ; Table 3 ).
Increased assimilation of methanol-derived carbon by C. glutamicum ⌬ald ⌬adhE.
13 C-methanol-labeling experiments were performed to answer the question whether the elimination of the endogenous pathway for formaldehyde dissimilation results in increased assimilation of methanol-derived carbon into the biomass, although the determined overall biomass yield was not higher in the presence of methanol. In addition, methanol consumption and generation of 13 CO 2 was measured (see Fig. S3A and B in the supplemental material). Already in the exponential growth phase, incorporation of [
13 C]methanol-derived carbon into intracellular metabolites of C. glutamicum ⌬ald ⌬adhE PtufBm(mdh-act) Ptuf-Bs(hps-phi) and of C. glutamicum ⌬ald ⌬adhE Ptuf-Bm(mdh3-act) Ptuf-Bs(hps-phi) was observed. Labeling fractions of up to 11% in the m ϩ 1 mass isotopomers were detected. With the entrance to the second growth phase, the labeling fractions were found to be about 3-fold higher than the wild-type C. glutamicum strain expressing the methanol oxidation and formaldehyde assimilation modules (Table 4 ; Fig. 5 ). For the C. glutamicum ⌬ald ⌬adhE strain expressing Ptuf-Bm(mdh3-act) and Ptuf-Bs(hps-phi), an average increase of 10% of the labeling fractions in the m ϩ 1 mass isotopomers of intracellular metabolites was observed (see Fig. S4 and S5 in the supplemental material).
DISCUSSION
Only few methylotrophic organisms, such as B. methanolicus and M. extorquens, have been engineered to produce biotechnologically interesting compounds from methanol (49) (50) (51) . In this study, we followed the opposite strategy by engineering the nonmethylotrophic platform organism C. glutamicum to utilize methanol instead of turning a methylotrophic organism into a production strain.
The wild-type C. glutamicum is already able to oxidize methanol, predominantly catalyzed by the alcohol dehydrogenase AdhA (22) . Nonetheless, we evaluated the implementation of the NAD ϩ -dependent methanol dehydrogenase from B. methanolicus for increasing the methanol oxidation rate. Since wild-type C. glutamicum already possesses an endogenous pathway for the detoxification of naturally occurring cytotoxic formaldehyde to CO 2 (22, 23) , only a pathway for assimilation of formaldehyde into biomass was required. Heterologous expression of genes for HPS and PHI from methylotrophic organisms, both key enzymes of the RuMP) pathway, has already been performed to confer the capability of formaldehyde assimilation to Burkholderia cepacia and Pseudomonas putida, respectively (20, 52, 53) . Surprisingly, in this study heterologous expression of hps and phi from the methylotroph bacterium M. gastri, which is closely related to C. glutamicum, did not result in active enzymes. As an alternative, we tried the expression of hps and phi of B. subtilis, which requires these genes only for formaldehyde detoxification (52, 54) , and we were able to complete a functional RuMP pathway in C. glutamicum.
Functional expression of the modules for methanol oxidation [Bm(Mdh-Act)] and formaldehyde assimilation [Bs(Hps-Phi)] in wild-type C. glutamicum, as well as the selection of a suitable promoter for gene expression (Ptuf), resulted in a 3-fold-increased methanol oxidation rate (1.7 Ϯ 0.2 mM/h) in comparison to the C. glutamicum(pVWEx2 pEKEx2) control strain (0.5 Ϯ 0.1 mM/ h). Furthermore, the inhibitory effects of methanol on growth and biomass formation of this control strain could be compensated by C. glutamicum Ptuf-Bm(mdh-act) Ptuf-Bs(hps-phi). This strain showed the same growth in medium with and without methanol. Furthermore, at the end of the exponential growth phase, a higher backscatter than with the control strain was observed. This effect could be explained by the generation of additional NADH due to the methanol dehydrogenase-catalyzed oxidation of methanol in the exponential growth phase and subsequent generation of ATP via oxidative phosphorylation. Thus, less glucose has to be dissimilated for energy generation and can be used for synthesis of biomass precursors. This effect on biomass formation was also observed during coutilization of formate with glucose by Candida utilis and Penicillium chrysogenum (55, 56) , as well as during coutilization of formaldehyde with glucose by Saccharomyces cerevisiae expressing a formaldehyde dehydrogenase and a formate dehydrogenase from Hansenula polymorpha (57) . Furthermore, the increased biomass formation in recombinant C. glutamicum strains could also be explained by assimilation of methanol-derived formaldehyde via HPS-and PHI-catalyzed reactions. Indeed, [
13 C]methanol-labeling experiments revealed up to 5% labeling fractions in the m ϩ 1 mass isotopomers of various intracellular metabolites in samples taken from the exponential growth phase. After exponential growth in glucose-methanol medium, recombinant C. glutamicum cells seem to enter a second growth phase, represented by slowly increasing backscatter and an increased CDW (8.4 Ϯ 0.03 mg/ml versus 8.0 Ϯ 0.05 mg/ml in medium without methanol). Again, [ 13 C]methanol-labeling experiments showed 3 to 10% m ϩ 1 labeling of intracellular metabolites, indicating assimilation of methanol-derived carbon into biomass. However, C. glutamicum Ptuf-Bm(mdh-act) PtufBs(hps-phi) consumed about 40% more methanol and produced 31% more CO 2 than did C. glutamicum(pVWEx2 pEKEx2) when we calculated the amounts until the respective maximal CO 2 production was reached. This means that most of the consumed methanol (about 78%) in the recombinant strain is oxidized to CO 2 via the endogenous pathway for formaldehyde oxidation and not assimilated via the RuMP pathway. Since implementation of the modules for methanol oxidation and formaldehyde assimilation in wild-type C. glutamicum resulted in a high flux toward CO 2 formation, we also engineered C. glutamicum ⌬ald ⌬adhE, a strain severely impaired in its ability to detoxify formaldehyde, for assimilation of methanol. As observed for recombinant wild-type C. glutamicum strains, the implementation of the modules for methanol oxidation, [Ptuf-Bm(mdh-act)] or [Ptuf-Bm(mdh3-act)], and formaldehyde assimilation [Ptuf-Bs(hps-phi)] in C. glutamicum ⌬ald ⌬adhE resulted in a 15% higher backscatter at the end of the exponential growth phase in methanol-containing medium compared to C. glutamicum ⌬ald ⌬adhE(pVWEx2 pEKEx2). As discussed before, this effect might be due to the generation of additional NADH during methanol oxidation. However, in contrast to recombinant wild-type C. glutamicum strains, oxidation of methanol in recombinant C. glutamicum ⌬ald ⌬adhE is accompanied by channeling of more methanol-derived formaldehyde into the synthetic RuMP cycle, because C. glutamicum ⌬ald ⌬adhE does not have the "safety valve" for formaldehyde detoxification to CO 2 . Without the assimilation of formaldehyde, toxic amounts of this intermediate would accumulate and inhibit cell growth. Previously, we showed that 4 mM formaldehyde completely inhibited cell growth of C. glutamicum (22) . Indeed, [ 13 C]methanollabeling experiments revealed that the M ϩ 1 labeling of intracellular metabolites in the exponential growth phase was doubled in comparison to the wild-type C. glutamicum strain expressing the same genes; in the transition to the second growth phase, it was even higher (3-fold higher). However, elimination of the "safety valve" also led to a reduced methanol consumption rate, retarded growth, and a lowered final CDW, most probably due to accumulation of formaldehyde. Possibly, synthetic formaldehyde assimilation is currently not efficient enough to keep the intracellular formaldehyde concentrations below the toxicity threshold.
In summary, for the first time C. glutamicum was engineered to utilize methanol as a carbon and energy source during growth in sugar-based defined medium. Furthermore, detection of 13 C-labeled amino acids indicates that methanol can also be used as an auxiliary substrate for the production of these value-added compounds. For a more efficient use of methanol during sugar-based fermentation processes, methanol oxidation to formaldehyde has to be increased, whereas accumulation of toxic formaldehyde has to be minimized. Thus, future experiments should aim at balancing the synthetic formaldehyde assimilation and the endogenous dissimilation. This could be achieved by metabolic engineering or by employing process engineering strategies, e.g., by developing a fed-batch process with continuous methanol feeding. This would ensure constant methanol availability during the cultivation, as has been already realized for B. methanolicus MGA3 (21, 58) .
